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issociation of the circadian rhythm of locomotor activity on the performance in
two memory tasks in rats. One group of animals was maintained in a normal 24 h light–dark cycle of 12:12
(T24 group, control). A second group was housed in a 22 h cycle of 11:11 (T22 group, experimental), a
condition which is known to produce dissociation of the circadian rhythm of locomotor activity in two
components. Both groups were tested on two memory tasks: passive avoidance and object recognition. An
additional control group, kept under constant darkness (DD group), was used for a passive avoidance task.
Testing occurred 30 min (short-term memory — STM) and 24 h (T24 and DD group) or 22 h (T22 group)
(long-term memory — LTM) after training. The T22 group showed impairment on the passive avoidance task
(STM and LTM) compared with the T24 and DD groups. On the object recognition task, the T22 and T24
groups performed similarly in all the sessions. In conclusion, circadian rhythm dissociation induced a
performance deficit in the passive avoidance task but had no effect on the object recognition task. We suggest
that dissociation of the circadian rhythm of locomotor activity may selectively affect some emotional
component related to fear and risk evaluation.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The suprachiasmatic nuclei of the hypothalamus, the master
structure of the mammalian circadian timing system, are thought to
be a population of coupled circadian oscillators [1,2]. Knowledge of the
coupling mechanism is essential to understand the expression of the
circadian output and to develop new treatments for circadian rhythm
sleep disorders (CRSDs; e.g., jet lag, shift work sleep disorder, delayed
sleep phase syndrome, advanced sleep phase syndrome, non-24 h
sleep–wake syndrome) [3].

Disruptions of circadian rhythms are known to affect performance
negatively. For example, cognitive deficits have been observed in
subjects submitted to jet lag [4,5], to shift work schedules [6–8], with
CRSDs [3], with chronic sleep pattern disorganization [9] as well as
age-related circadian disruption [10]. This has been further confirmed
in laboratory studies where significant performance deficits are
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observed in subjects submitted to frequent delays and advances of
the LD cycle [11,12]. Additionally, when rhythmicity is normal,
performance in diverse learning tasks has been shown to vary accord-
ing to the time of training and testing [13–17] suggesting a relation-
ship between the circadian system and structures involved in
cognitive processes.

It has been proposed that coupling within the SCN may be due to
gap junctions and/or to a GABA-dependent mechanism [18–22].
Whatever the case, the degree of coupling seems to be a key factor in
determining the overt rhythm pattern. If coupling is low, then the
oscillators may easily be dissociated and ultradian rhythms or
arrhythmic behavior may be generated, as occurs in developing ani-
mals or from the effect of constant light [23,24]. If coupling is strong,
then a stable circadian rhythm is manifested. In between, some
abnormal patterns in rhythm behavior may appear under certain
experimental conditions, such as splitting, in which two circadian
rhythms may appear simultaneously [25,26], or under 4 h light–dark
(LD) cycle, when six circadian components manifest [27]. These
patterns may be due to partial coupling of the circadian system, when
there are at least two functional groups of oscillators, each with a
different period. Moreover, rats maintained in a symmetric 22 h LD
cycle express two simultaneous components of locomotor activity
rhythm, with different periods [28]. One component is entrained to
the external cycle (Light Dependent Component — LDC), whereas the
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other free runs with a period greater than 24 h (Non-Light Dependent
Component— NLDC). Since the circadian clock in the suprachiasmatic
nucleus of the hypothalamus (SCN) contains multiple autonomous
single-cell circadian oscillators, we tend to interpret the expression of
two circadian components in T22 LD, as being caused by the reduced
degree of coupling between the oscillators that drive the circadian
system [29]. Studying Per1 and BMAL1 expression, de la Iglesia et al.
[29] showed that in rats under T22, the ventrolateral and dorsomedial
portions of SCN become desynchronized with each other. The activity
of the ventrolateral portion is associated with LDC, while the NLDC is
related to the dorsomedial activity portion. It has been proposed that
the expression of these two components is dependent on light
intensity and physical exercise [27,30]. Recently, Cambras et al. [31]
have reported that in desynchronized rats, the body temperature and
paradoxical sleep rhythms could be dissociated from those of rest–
activity, sleep–wake, and slow-wave sleep.

A partial rather than whole-structure entrainment of the multi-
oscillatory system may explain this gradual appearance of two com-
ponents, such that some oscillators may entrain while others may
free-run [32]. However, we cannot totally rule out that internal de-
synchronization, both in this model and in othermodels, could involve
dissociation between SCN and non-SCN oscillators, instead of or in
addition to intra-SCN dissociations.

It is not known whether the spontaneous and forced internal
desynchronization of physiological and behavioral rhythms observed
in humans represents the activity of two independent oscillators and,
if it does, whether these oscillators are anatomically identifiable [31].
In addition, the lack of animal models has slowed progress toward
understanding the pathophysiology associated with circadian
desynchronization.

We suggest that the dissociation of circadian activity rhythm under
T22 could be a good animal model to investigate the pathophysiology,
and thus determine possible approaches for managing circadian
rhythm sleep disorders. Here, we present results of learning perfor-
mance of rats with dissociation of the circadian rhythm of locomotor
activity using two different learning tasks, one which is considered to
have a strong emotional component (passive avoidance) and another
considered to be less emotional (object recognition).

2. Materials and methods

2.1. Animals and housing

Twenty eight male Wistar rats from our own breed, 4–7 months old,
weighing 312–450 g were used. Animals were coupled-housed in stan-
dard polypropylene cages (32×17×40 cm) with food (Purina®) and
water ad libitum. Cages were placed in light-tight, ventilated wooden
cabinets (180×55×50 cm) with timer control for lighting conditions and
constant temperature (24±2 °C). The LD cycle varied according to the
experimental groups as explained below; light provided by two 40-W
fluorescent bulbs, 200 lx at the cage lid level. Eight animals were
submitted to a 24 h (12 h:12 h) light–dark cycle (T24 group), twelve to a
22 h (11 h:11 h) light–dark cycle (T22 group) and an additional control
group (n=8), maintained under constant darkness (DD group). General
locomotoractivitywas constantlymeasuredwithahomemadecomputer
program using infrared motion sensors (Focus 2000, Aspex ®) localized
15 cm above the cage lids. Experiments were in compliance with the
institutional guidelines of the Universidade Federal do Rio Grande do
Norte and Sociedade Brasileira de Neurociência e Comportamento.

2.2. Experimental procedures

Animals from all the groups were submitted to the memory tasks
in the middle of their active phases. For this, the day before behavioral
testing, individual actograms were analyzed and time for testing was
determined. In the case of the T22 group, the tasks were performed
only when the active phase of the NLDC component overlapped with
the same phase of the LDC component. With this protocol we assured
that the three groups were trained and tested at the same circadian
phase. All learning sessions lasted 5 min.

Memory was evaluated using two tasks: step down passive avoid-
ance and object recognition. The passive avoidance chamber (20 cm
high, 25 cm wide and 21 cm deep) consisted of two lateral aluminum
walls, a back wall, a transparent acrylic roof and a black acrylic front
door. A grid floor made of stainless steel rods (0.5 cm diameter) 1 cm
apart was connected to a shock generator (Ampere Ltda, Brazil). A
wooden escape platform (20×5×2 cm) was positioned at the bottom
of the chamber. During training, the animals received a 2 s, 0.5 mA
scrambled foot shock each time they descended from the platform.
Memory retentionwas evaluated 30min (short-termmemory— STM)
and 24 h (T24 and DD group) or 22 h (T22 group) after training (long-
termmemory— LTM). This 22 h interval for the T22 groupwas used so
that testing would occur exactly one cycle after training and
consequently coincide with the middle of the dark phase. Test
sessions consisted of measuring the latency it took each animal to
step down from the platform and place their four paws on the grids.
Approximately one week later the same animals were submitted to
the object recognition task. During training, the subject was placed in
a wooden open field (50×50×50 cm) in the presence of two identical
side-by-side objects (two white tarnished porcelain inverted bowls)
designated A1 and A2. Test 1, in which a novel object (B; white plastic
rectangle with irregular surface) replaced one of the identical objects,
occurred 90min later (STM). In test 2, 22 or 24 h after training (LTM), a
new object (C; white smooth shiny porcelain inverted cup) replaced B.
Contact frequency and exploration time of each object were regis-
tered. A recognition index was calculated for both these variables as
the rate between frequency or time exploring one object and the sum
of both objects. That is, time A1/(time A1+time A2) for training, time
B/(time B+time A) for STM and time C/(time C+time A) for LTM. The
same calculation was made for frequency. Values near 1 indicate that
the animal explored the novel object more. Performance was
considered good when exploration of the novel objects (B or C) was
significantly higher than that of the known object (A).

All trials were videotaped and the behaviors were subsequently
scored by an experimenter unaware of the treatments. Light intensity
during sessions was approximately 30 lx at the floor level of each
apparatus. Aftereach session theapparatuswas cleanedwithalcohol 46%.

2.3. Data analysis

Output from the sensors was integrated with IBM-compatible
homemade data acquisition software. Graphical output (actograms)
and rhythm analysis were carried out using El Temps software (A. Díez-
Noguera, Universitat de Barcelona, 1999). Periodicity of the activity
rhythm was estimated using the original method described by
Sokolove and Bushell [33], with a global risk level (α) of Pb0.05.

T22, T24 and DD groups were compared statistically using an
unequal variance t-test for escape latency in passive avoidance. For
the recognition index, a paired sample statistic t-test was used for
comparisons within the groups and an unequal variance t-test bet-
ween the groups. Data are expressed as means±standard error
mean (S.E.M).

3. Results

Fig. 1 shows the actograms and periodograms of representative
animals of each of the three groups. As expected, under a T24 cycle,
animals where normally entrained showing a 24 period while rats in
DD exhibited a free-running rhythm of 1453.5±2.1 min. Finally,
animals under the atypical T22 cycle presented dissociation of the
locomotor activity rhythm in two components, one with a period of
1320 min and another of 1480 to 1505 min. Note that the amplitude of



Fig. 1. Actograms (top) and periodograms (bottom) of representative animals from the DD (A), T24 (B) and T22 (C) groups. As indicated by black horizontal arrows and asterisks,
testing occurred on days 45 and 46 for the DD group; passive avoidance task was performed on days 38–39 for the T22 group and 40–41 for the T24 group; object recognition taskwas
performed five days later, on days 46–47, for the T22 group and 9 days later, on days 48–49, for the T24 group.
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the LDC components is reduced, suggesting weak entrainment, never-
theless the periodogram clearly detected two rhythmic components.

Latency to step down in the passive avoidance short-term and long-
termmemory test is shown in Fig. 2. Training sessions are not showed
because latency to step down in this sessionwas basically inexistent. In
other words, the drive to explore of both groups was similar. Clearly,
animals under T22 had worse performance in both test sessions of
passive avoidance when compared to the T24 and DD groups. T22
animals took 54.8±33.1 (STM) and 57.6±30.0 (LTM) seconds to step
downwhile T24 took 262.8±37.1 (STM) and 204.9±48.6 (LTM) and DD
animals 225.3±48.8 (STM) and 188.1±54.5 (LTM) seconds. That is,
animals under T22 show a performance deficit in this aversive task
suggesting some type of deficit in memory acquisition, consolidation
or retrieval or in some other related process.

Fig. 3 shows performance in the object recognition task during
training and both testing sessions of T24 and T22 groups. Even though
both groups showed good short-term memory performance expressed
by significantly higher recognition indexes relative to the training
sessions, no significant differences were observed between groups. The
similar performance of T22 and T24 animals in this task could be
considered as a strong indication that dissociation did not affect sen-
sory-motor functions such as locomotion or other variables such as
motivation to explore. In all sessions (training, STM and LTM), the
Fig. 2. Latency to step down from the platform during short- and long-term memory
tests for each of the three groups (DD, T24 and T22). Data are expressed asmeans±S.E.M.
⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001. NS: non-significant.
groups showed similar recognition indexes for frequency and explo-
ration time. In other words, dissociation did not appear to affect any
parameter of the object recognition task. The fact that during training,
frequency of contacts with both objects (A1 and A2) was similar in both
groups suggests a similar drive for exploration. In other words, as in the
case of similar latency level during training of passive avoidance, this
can be considered an indicative that the drive for exploration was not
altered in the T22 group.
Fig. 3. Recognition index for frequency (top) and exploration time (bottom) during
short-term and long-term memory testing for groups T24 and T22. Asterisks indicate
comparisons within the groups between STM testing and training. ⁎⁎Pb0.01,
⁎⁎⁎Pb0.001. NS, non-significant. Recognition indexes of LTM were not statistically
different from training.
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Other than the differential effect in the step down latencies during
both passive avoidance tests (STM and LTM), we did not detected any
other change in the general behavior of the three groups, neither during
the learning sessions nor in their home cages nor during handling.

4. Discussion

Forced desynchronized animals expressed impairment in their
performance in a learning task when compared to animals synchro-
nized to a normal LD cycle as well as animals free-running in DD.
Latency to step down during both passive avoidance tests for short-
term and long-term memory where significantly smaller compared to
both control groups. On the other hand, performance in the object
recognition task was apparently not affected by the circadian disorga-
nization induced by the T22 cycle.

Many mechanisms that may explain our data can be discussed.
First of all, the decreased passive avoidance performance in animals
under T22 could be due to an increase in the motor activity level of
these animals that could lead to lower step down latencies. However,
some evidence suggests that this was not the case since, 1) during the
object recognition test, T22 and T24 animals did not show differences
in exploratory activity, 2) a correlation analysis between motor acti-
vity and latency values in the passive avoidance task was not signi-
ficant (data not shown) and, 3) the literature shows that activity levels
are not altered in forced desynchronized animals [27]. It could also be
argued that animals with dissociation of the circadian rhythm have
decreased sensibility and consequently a lower response to shock. We
believe this is not the case since we noticed no difference in the
animals' response level to the shock or any other behavioral change.
Moreover, the normal exploration level and general performance in
the object recognition task suggests that the sensorial system of these
animals was working normally.

Sleep deprivation could be causing the aversive memory deficit in
animals under T22. However, it is well documented that sleep dep-
rivation negatively affects object recognition memory [34], which was
not the case in our animals. Furthermore, recent data [31] suggest that
these animals are not sleep-deprived, despite slow-wave sleep exhi-
biting two occurrence components (one entrained to the LD cycle and
the other in free-running), whereas paradoxical sleep shows only a
free-running component. In other words, sleep deprivation seems not
to be the cause of worse performance on the passive avoidance task in
animals under T22. Another issue that could explain these results is
the increased stress level of animals under T22 with elevated corticos-
terone levels that could lead tomemory impairment. Again, we do not
believe this is the case because previous studies have shown that
increased corticosterone levels impair object recognitionmemory [35]
which, again, was not the case here. We can also argue that the
animals were in T22 for a long period before the tests (almost 40 days),
probably allowing an adaptation to these conditions. This is further
supported by the fact that we did not detect any evidence of stress or
discomfort in the animals. Another possibility is that the memory
deficit related to fear and risk evaluation is simply due to the non-
entrainment to a normal cycle of 24 h or a reduction in the amplitude
of the rhythm. However, the control animals in free-running condi-
tions, where the amplitude is reduced, performed very similarly to
animals under T24, although a stable rhythm was expressed and
coupling was strong.

Another issue to consider is that even though the 22-hour LD
model has been evaluated in a series of articles as an animal model of
internal desynchronization among distinct circadian oscillators, the
relative contributions of entrainment and masking effects to the
22-hour component in this model are not well understood [36]. In this
sense, we should keep in mind that, if the LDC component was in fact
the result of pure masking, meaning that the endogenous rhythms is
free-running, it could be argued that our training and testing sessions
occurred in random circadian phases. Since performance in many
tasks is known to change from one phase to another, results from T22
could not be compared with those of T24. However, we can discard
this problem due to the fact that training and testing in the T22
animals only occurred in the middle of the active phase when the
active phase of both components overlapped. In this sense, we can be
sure that animals of all three groups where tested in the same circa-
dian phase.

Additionally, since both learning tasks were performed in the same
animals, it could be argued that the sequence of the tasks could
interfere with the results. We cannot rule out the possibility that the
passive avoidance task affected in one way or another performance in
the object recognition task which occurred afterwards. Considering
that the first task involves an electrical shock, that is a stressful
situation, we would expect that if there should be an effect on the
second task it would be towards a decreased performance, low explo-
ration due to the memory of the shock in the first task as well as other
stress symptoms. Since performance in the recognition task was
normal, and exploration as well as activity level was good, and, fur-
thermore, no difference was observed between groups, we believe
that the sequence used in the present experiment did not affect
performance. Also, probably one week between tasks was enough
time to recover from any negative effect of the first task.

Under T22, the amplitude of two rhythmic components was re-
duced, meaning that the LDC is a weak entrainment. Even though we
cannot conclude that these two components are explained only by
rhythms generated in two distinct ensemble oscillators in the SCN, we
can conclude that under T22 there is a break in the circadian system,
and that these two behavioral components represent internal desyn-
chronization, at least in the behavior domain. We are supposing that
the memory deficit observed in T22 animals is best explained by the
fact that the animals suffered from internal desynchronization of the
circadian system. The role of the circadian system in memory conso-
lidation and performance is not well understood however, clearly, a
strong relationship exists between performance in learning tasks and
the circadian system. Some data indicate that acquisition, recall, and
extinction of associative learning can be modulated by circadian pro-
cesses [13,15]. Furthermore, subjects submitted to circadian disorga-
nization of diverse causes (jet lag, shift work, experimental phase
shifts, aging, and altered sleep patterns) always express a decrease
performance in diverse learning tasks [4,5,7,10–12].

In our animal model, passive avoidance but not object recognition
memory was impaired. That is, we are suggesting the participation of
the circadian system in some emotional component of the task that
could be the acquisition and/or consolidation of memories related to
fear and risk evaluation or alternatively simply a change in the emo-
tionality of the forced desynchronized animals which in turn affects
performance. Maybe animals under T22 are less emotional and con-
sequently a painful shock is not enough to overcome the natural drive
to explore. In other words, the animal may perfectly well remember
that if it steps down it will receive a shock but simply does “not care”
about it.

In this sense, the neural substrate that has been related to
performance in aversive conditioning tasks is the amygdaloid complex
[37–41]. It is interesting to mention that there is an indirect anatomic
pathway between the SCN and the amygdala [42]. The central and
basolateral nucleus of the amygdala exhibit opposite diurnal rhythms
of clock Period2 protein expression, with such expressions becoming
arrhythmic when the SCN is lesioned [43]. We should also keep in
mind that emotionality has been shown before to be affected by
circadian rhythm disruption; for example, negative effects on mood
are common in humans [44].

In current society, many individuals have abnormal sleep–wake
schedules and consequent internal desynchronization because of their
occupations (e.g., shift-workers, transmeridian travelers). This rhyth-
mic alteration occurs because most workers do not adapt to working
at night and sleeping during the day. Recently, Wright et al. [45]
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reported learning impairment in humans under internal desynchro-
nization conditions, that is, a sleep–wake cycle out of phase with the
internal biological time. As a consequence of internal desynchroniza-
tion, some economic costs may arise as a result of work accidents or
reduced productivity [46]. Therefore, understanding the mechanisms
underlying internal desynchronization and its consequences is essen-
tial for human health and society. The animal model of forced desyn-
chronization under T22 can help in this regard.
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